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PROTEIN CRYSTAL COMPRISING THE PROCESSTVITY CLAMP FACTOR 
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The present invention relates to a protein crystal comprising the processivity 
clamp factor of DNA polymerase and a peptide comprising all or part of the 
processivity clamp factor binding sequence of a processivity clamp factor interacting 
protein, and its uses, in particular for the screening, the design or the modification of 
ligands of the processivity clamp factor of DNA polymerase. 

The presence of lesions on DNA may severely impair its replication and have 
dramatic consequences on cells survival. Beside the activity of efficient repair 
processes, which remove most of the lesions from DNA before replication occurs, the 
replisome is able to cope with replication blocking DNA lesions, thanks to specialized 
biochemical processes refered to as damaged DNA tolerance pathways. Translesion 
synthesis (TLS) is one of these mechanisms which requires the incorporation of a 
nucleotide opposite and past the lesion. Depending on the nature of the incorporated 
nucleotide relative to the parental sequence, the TLS process is error-free or mutagenic. 
TLS has recently gained much understanding, with the discovery of specialized DNA 
polymerases, which are able to replicate through lesions which otherwise impede the 
progression of DNA polymerases involved in replication. These new polymerases have 
been found in both prokaryotes and eukaryotes and most of them have been classified in 
the Y superfamily (Ohmori et al, 2001). In Escherichia coli, two such polymerases 
have been identified, Pol IV (DinB) (Wagner et al., 1999) and Pol V (Tang et al., 1999- 
Reuven et al., 1999), whereas Pol H polymerase has also been shown to perform TLs! 
although it belongs to the B family (Napolitano et al, 2000; Becherel et al, 2001- 
Fuchs et al, 2001). Interestingly, all these three polymerase genes are part of the SOS 
network and are induced upon the arrest of replication due to the presence of replicase 
blocking lesions onto DNA. 

The discovery of translesional polymerases (Ohmori et al, 2001) resulted in a 
major modification of the molecular model of TLS and resulting lesion induced 
mutagenesis. The previous model, essentially built on genetic experiments in E. coli 
(Bridges and Woodgates, 1985) suggested fliat the replicative polymerase stalled at 
blocking lesions was assisted by SOS induced proteins, whose functions were expected 
to facilitate the polymerase progression through the lesion by increasing its anchoring 
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onto modified DNA or by reducing its fidelity either by alteration of the correct 
nucleotide selection process and/or by inhibition of its proofreading activity The 
current new model (Cordonnier et al, 1999) proposes that the blocked replicative 
polymerase is replaced by one or several TLS polymerases that cooperate at different 
steps of the translesional process, namely incorporation opposite the lesion and 
elongation of the lesion terminus, to ensure an efficient bypass of the lesion. These 
polymerases further dissociate from the DNA substrate and the replicative enzyme 
resumes its synthesis function. 

It was demonstrated that prokaryotic and eukaryotic replicative polymerases (Pol 
m holoenzyme of* coli, pol C, eukaryotic pol 8 and pol e ) physically interact with, 
their respective processivity clamp factor, also called sliding clamp. Moreover, all 
prokaryotic and most eukaryotic TLS polymerases also interact with their processivity 
clamp factor (Lenne-Samuel et al, 2002; Wagner et al, 2000; Becherel et al , 2002- 
Haracska et al, 2002; Haracska et al, 2001a; Haracska et al, 2001b). These clamps' 
which act by increasing fee. replicative polymerase processivity (Bruck and O'Donnel! 
2001), are homodimeric ( P of* coll) or homotrimeric (gp45 of T4/RB69 or PCNA in 
eukaryotes) toroid-shape molecules that are loaded onto DNA near primer-template 
junctions, by specific clamp loader complexes (e.g. the so-called y complex in E. coli 
and RFC in eukaryotes). The (3 and PCNA monomers fold into structurally similar 
subdomains (3 and 2, respectively), despite a lack of internal homology in their amino 
acids sequences, so that the ring presents a pseudo-six-fold symetry. A consensus 
pentapeptidic sequence, QL(SD)LF, conserved among eubacteria, was identified in 
most of the p-binding proteins as the motif mediating their connection with the clamp 
through hydrophobic interactions (Dalrymple et al, 2001). 'Similarly, a eukaryotic 
PCNA (or alternative sliding clamps) consensus binding sequence has been identified 
A recent study in E. coli demonstrated that the integrity of mis motif is absolutely 
required for the inducible polymerases to perform TLS: Pol IV and Pol H mutant 
proteins deleted for their p-clamp binding motif retain their polymerase activity but 
loose their functions in the TLS process in vivo, highlightening the fact that their 
functional interaction with P is crucial for transition DNA synthesis and mutagenesis 
(Becherel et al, 2002; Lenne-Samuel et al , 2002). 

The presence of several TLS polymerases within a single organism has remained 
a puzzling question. Analysis of the TLS process in E. coli indicated that, depending on 
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both the nature of the lesion and the local DNA sequence, one or several TLS 
polymerases may participate to a single TLS event (Napolitano et al., 2000; Wagner et 
al, 2002). TLS appears as a complex process where a pool of low fidelity polymerases 
replace the highly stringent replisome and eventually exchange mutually to 
accommodate the large variety of DNA lesions and to ensure ultimately the completion 
of DNA replication. Whether this polymerase switching process is somehow 
coordinated or simply occurs on the basis of competition between the different TLS 
polymerases is not yet known. 

An object of the invention is to provide a method to obtain Uganda of the 
processivity clamp factor which would impair me interaction between the sliding clamp 
and its interacting proteins. 

Such ligands might be useful for the preparation of drugs for the treatment of 
bacterial diseases or of proliferative disorders. 

The invention follows on from the solving by the Inventors of the structure of a 
co-cristal obtained between the p clamp of E. coli and the 16 residues C-terminal 
peptide of Pol IV DNA polymerase (P16) of* coli containing its p-binding sequence 
from the identification of the peptide binding site on p and from the description of the 
interactions between PI 6 and p residues. 

The Invention also follows on from the results of experiments carried out by the 
Inventors showing that P16 competes with Pol IV, but also with the a subunit of the E 
coli replicative Pol m holoenzyme, for binding to & thus inhibiting their p dependent 
polymerase activity. 

The present invention relates to a protein crystal comprising the processivity 
clamp factor of DNA polymerase and a peptide of abon, 3 to about 30 amino acida in 
particmar of abont 16 mnino acids, said peptide comprising all or part of toe 
processivity clamp factor binding sequence of a processivity clamp factor interacting 
protein, such as pmtayotic Pol I. M n, Pol m , Pol w> Po , y _ ^ ^ , ^ 
subunit of DNA polymerase. UmuD or UmuD>, or eukajyotic pol a, pol 8, pol n pol , 

P0l K. 

Other processivity clamp factor interacting proteins are notably described in 
Tsurimoto et al (1999). 

The expression "processivity clamp factor of DNA polymerase" refers to dnaN 
genes products and their functional analogs in prokaryo.es. and PCNA genes products 
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and then fimcuonal malogs ^ onho]ogs h ^ ofes ft cm 

sud^ oto It is notabiy „ „ Kong a al ^ Guiws » 

w p. -w n-, Toi nr., -p oI "Poi v respect^ to dna 
po>™ un ,„ md v, „ bacteriSi such u E ^ 

al (2000a), and Friedberg et al. (2000b). -meaoerg et 

^IT'TZ ^ PIOdUCt ° f ^ ^ 86ne * " COH > «* ***** -alogs 
and orthologs thereof, involved in mismatch repair 

"<x subuni, of DNA po.ymerase» refers ,o the product of the inaE gene „ , 
and functronal analogs and orthologs thereof. 

"Pol s", 6 », .^o, ,.. ,,, K „ rcfcr 

—imFriedbergsr,,,. (2000a), and Friedberg e, al. (2000b) 

The mvenfion nrore parncuWy relates «o . protein oryaal „ ^ 
wheretn Ure process™* Camp fector of DNA powers* is the p auburn, of DNA 
polkas, in parncutar the p subuni, of DNA po>ymerase m of MscHertcMa coU „nd 
the peptide has the following sequence: 

VTLLDPQMERQLVLGL (SEQ ID NO- 1) 
The p subunit of DNA polynrerase M of tttoa, ^ is ta 
desenbed in Kong et al (1 992). particular 

The invention nrore parfcularly m-a.es to a protein crystal as defined above 

«Q ID NO: I. sard crysta! be-ongmg to the McUanc space gmup H mi its coU 
dnnenstons betng approximately a - 41.23 A, b - 65.22 A, c - 73.38 A, a - 73 „. 
P - 85.58°, T = 85.80°. ' 

The expression "triclinic space eouo PI" n.f™ »„ . 
... . .. g ™ refers ,0 a nomenclature well known to 

ure mrar sfcfied in me ar, i, la m „ „ J™" 

orysteUography". Vol. 1 (The Kyn „ch press, Bnmingham, England, ,968) 

Tta expression "cell dimensions" refers to me geomefiicai deacripfion of me 
smallest votame being repeated in the fitree dimensions to bnUd the crystal. 
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ch „ TTT more particularly rela,es ,o a ^ ^ - *»»- 

bX 4. atomic coordinate, such as obtained by rhe X-ray diftaction „ 
said crystal, sam atomio coordinates being represented in Figaro 1 

in A 1 A-10- T" COOrdina ' eS " refe l ° *" * Y - Z ^ven 

u.A.U-10 nonecessar y » describe ft e exact position of each atom in ttte molecule 

lb. expression "X-ray diflracnon" refers to me pbenomenon foUowing which X- 
rays are scattered in a specific way by a crystal. 

Two major X-ray sources can be use4: a rotating anode, which is a usua! 
l^atory enmpmen, and/or a synchrotron which is a large-scale equipment, such as the 
European Synchrotron Radiation Facility (ESRF) in Grenoble, France 

crvsta^ ^T"^ 1 ™ to ° bto — "ordinate, *» X . ray 

crystal „ well known to man skiUed in me art, briefly i. consist in measuring the 

intensities of the numerous secondare Y ™„ v . . 

H,., , • rous secon<iar y X-rays beams resulting from the diflraction by 
the crystal of an incident X-ray beam. 

2° f rrt: f r POl ^ ffl ° f ^--.»-emgaa fcl ,ows : 
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5.874 
6.029 
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16.404 
15.230 
15.869 
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10 .889 
10.536 
10.532 
9.675 
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34 .566 
35.560 
33 .327 
33 .018 
31 .585 
31.216 
31.462 
33.133 
33 .308 
24 .244 
25.300 

26 .663 
27.021 
27.268 
27.021 
27.508 
27.256 

27 .500 
25.131 
•25 .677 
27.431 
26.158 
25.796 
24.407 
23.481 
24.242 
25.249 
25.102 
22.482 
22.908 
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wherein a toma 4045 to 5688 rcpr^en. the peptide binding site md ^ ^ 
represent the peptide. 

formal ^ C °° rdlnateS " « * 

format is well known to the man skilled in the art. 

According to another embodiment, the invention relates to a method to purify the 
processivity clamp factor of DNA polymerase, in particular the 0 subunit of DNA 
polymerase m of Escherichia call, comprising the following steps: 

- elution of a solution containing the processivity clamp factor of DNA 
polymerase, in particular the 0 subunit of DNA polymerase m of 
Escherichia coli, through a cation exchange column, in particular a SP 
sepharose column; 

- elution of a solution containing the processivity clamp factor of DNA 
polymerase, in particular the 0 subunit of DNA polymerase m 0 f 
Escherichia coli, in particular as obtained by the preceding step, through an 
anion exchange column, in particular a Mono Q column; 

- elution of a solution containing the processivity clamp factor of DNA 
polymerase, in particular the 0 subunit of DNA polymerase m 0 f 
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Art**, coll, in particu.ar a, obtained by the preceding step, ^ a 
cation exchange column, in particular a Mono S column 
The expression W reIate8 t0 „. procMS rf 
iron, a,, to other componmts of a ^ ^ 

interest, such as a bacterial extract aio protein of 

Assessment of the purity of the protein of interest can he carried on, by memods 
weU tnownto the ntan sailed in ore art, such as polyacry,amide ge, electi^ 
a^ts and Coomassie Biue staining or other type of protein steining (e.g ^ 
W mass spectromeo* protein sequencing, HPLC (high perfollc! hou," 
chre~y,. Quantification cm be by 2" 

Bradford colomnetric assay, or protein sequencing. 

The SP sepharose column, Mono Q column and Mono S column are obtained 
from Pharmacia (Uppsala, Sweden). ootained 

those o^p Ve \ COtamS ^ ^ ~- ^ ~ **« - 

■hot* of the SP sephatnae column, Mono Q cqhmm and Mono S column can also be 

The above mentioned column can he used with a KPLC system (Pharmacia) and 
possesses a high protein binding capacity. Advantageously, the SP sepLse J£ 
uaeddunng dte tuna, steps of me purification process because it is usuafiy no, Cogged 

z^r* Mon ° q md Mon ° s - — *** - - 

"^•^-Mgmyreaohmveco.nmns.hmmeyare^emggedby 

- mixing a solution of processivity clamp factor of DNA polymerase with 
a solution of a peptide of about 3 to about 30 amino acids, in particular 
of about 16 amino acids, said peptide comprising all or part of the 
Ptocessivtty clamp factor binding sequence of a processivity damp 
factor interacting protein, such as prolcaryotic Pol I, Pol n Pol HI Pol 
IV, Pol V, Mu«S, ligase I, a subunit of DNA polymerase, UmuD or 
UmnD', or eukaryotic pel a, pel 8, pol „, pol ^ „, md ^ a 

aotation of MES pH 6.0 0.2 M, Cad, 0.2 M, PEG 400 60%, to obtain a 
crystallisation drop, 
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- mho. y ^Mtato drop concentrate against a solut . on 

6.0 01 M, Cad, 0, H PEG 400 30%, by vapour diflusiou, to J . 
protein crystal. 

The egression "Vapour difnrsion" refers ,„ , 

eds., 1999, Oxford University Press. 8 

MES refers to 2-(N-morpholir,o)-ethsoe sulfonic acid. 
PEG 400 refers to polyethylene glycol 400 

The invention more pa^y rotates to a method to obtain a protein crysta! as 
define above, wherein the processivity Camp (actor of DNA po,ymerase is the p 
of DNA poiymeraae, in particular me p subrmi. of DNA porymerase m of 

ZZT " PUrifiKi *" — - of 

punficahon, and the peptide has the following sequence: 

VTLLDPQMERQLVLGL (SEQ ID NO- 1) 
ACOTdto f <° • -rbodimea, me B snbnni, of DNA polymerase M of 

1 . 1 to about 1 :3 in particular about 1:1.5 

According to another proferoed embodiment the concentration of the B subunt, of 
DNA polyrnerase ni of MscHerichia mS „ ^ ^ , 

particular about 34 mg/ml. ' 

SEQ m NO^ 8 •T^ ""^ 1,16 °— ° f * 

SEQJD NO: 1 la from about 0, mg/tnl to about 1. 2 mg/m>, in parricutar about U 

coord, AC r dto ? B an ° ther e,nb0dto,en, • * inVen,i0n re ' ateS *> *• ~ atomic 
~ordma.es as defined above, for fire screening, the design or the modified of 

hgands of me processivity clamp factor of DNA polymerase, in particutar of me B 
subumt of DNA polymerase m of Escherichia coll. 

The expression "ligand" refers to a compound which is Uab.e ,o bind to the 
processivity clamp factor of DNA polymerase. 
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The motion also relates to the use as defined above, for the screening the 
destgn or the modified of Uganda Uable to he used f or ^f 
phannaceuhca, compositions usefifi for the treatment of bacteria! diseases or diseases 
ongtnaung finm DNA synthesis such „ ^ x or proliferative 

disorders, such as cancers. 

bacterid r eSSi0 ° ,0 «— ««* - -used by 

bactenal influences, such as infections. 

The expression "proliferative disorders" refers to disorders which are United «o 
abnonnal cell multiplication, such as cancers. 

of DNA polymerase, satd metttod comprising me step of assessing the interaction 
of hrdtmenstona, modeis of the Uganda to somen with me struchrre of «he „ subuni, of 
DNA polymemse as defined by the atomic coordinates as defined above, and in 
partrcuter wtth ttte staIctoe of to peptide ^ ^ ^ ^ 

coordmates defined above, and mom partly at Ieast ^ of ^ 
ammo actds: Leu 155, Thr 17 2. Gly 174, His ,75. Arg ,76, Leu 177 Pr0 M2 ™ E 

363, Met 364, Arg 365, Leu 366. 

Assessing the intemcnon can be done by methods such as modular dynamics 
energy ctdculahon, confinuum Cecums, semi-empirical fiee energy functions and 
ota related memoda we„ .mo™ to the man sfcUed in me art. Severe, packages and 
softwares are avarlable for these purposes such as CHARM, UHBD or SYBH.L 

The mvenhon mom parttcuMy re,ates to a method as defined above, to semen 
Uganda Uab,e to be used for the preparation of phamraceuttca, compositions uaem, for 
the treatment of bacteria, diseases or diseases originating fiom DNA stasis 
pmcesses, such as ftagUe X syndrome, or proliferative disorders, such as cancers 

Thentventiona,so re.ates to.mettrodto design or to modify expounds Uable to 
bmd to fire processivity clamp factor of DNA polymery add method comprising me 
step of designing or modifying a compound, so that the tridimensional mode, of said 
compound ,s Uable to interact with fire shuctore of the g subunl, of DNA polymerase as 
defined by the atomic coordinates as defined above, and in paxucuhu witt, the structum 
of the pepfide binding aim as defined by the atomic coordinates as denned above and 
mom partculariy wim a, teas, nine of the Mowing amino acids: Leu ,55, Thr 172 Gly 
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174, Hra 175, Arg 176, Leu 177, Pro 242, Axg 246, Val 247, Phe 278, Aan 320 Tyr 
323, Val 344, Ser 346, Va! 360, Val 361, Me, 362, Pro 363, Me. 364, Axg 365 Leu366 
The tnventfon more particularly relates ro a method aa defined above, to design or 
to modify Uganda liable to be used for the preparation of pharmaceutical compositions 
useful for me treatment of bacterial diseaaes or diseases originating from DNA 
aynmeais processes, such as fragile X syndrome, or proliferative disorders, such as 



cancers 



According to another embodiment, the invention relates to a peptide of the 
following sequence: 

VTLLDPQMERQLVLGL (SEQ ID NO: 1). 

According to a preferred embodiment, said peptide comprises non-hydrolysable 
bonds between amino-acids and/or non-amide bonds between amino-acids. 

The invention also relates to a pharmaceutical composition comprising as active 
substance the peptide of SEQ ID NO: 1, in association with a pharmaceutical* 
acceptable carrier. 

Examples of pharmaceutical* acceptable carrier are well known to the man 
skilled in the art. 

According to a preferred embodiment, said peptide comprises non-hydrolysable 
bonds between amino-acids and/or non-amide bonds between amino-acids. 

According to another embodiment the invention relates to the use of the peptide of 
SEQ ID NO: 1, as an anti-bacterial compound. 

The expression "anti-bacterial compound" refers to a compound which has 
bactericidal or bacteriostatic properties, such as an antibiotic. 

According to a preferred embodiment, said peptide comprises non-hydrolysable 
bonds between amino-acids and/or non-amide bonds between amino-acids. 

The invention more particularly relates to the use of the peptide of SEQ ID NO- 1 
for the manufacture of a medicament for the treatment of bacterial diseases or diseases 
ongmating from DNA synthesis processes, such as fragile X syndrome, or proliferative 
disorders, such as cancers. 

According to another embodiment the invention relates to a method to test in vitro 
the mhibitory effect of compounds on the processivity clamp factor-dependant activity 
ofDNA polymerase, in particular of Pol IV DNA polymerase of Escherichia coli or of 
the a subunit of Pol m DNA polymerase of Escherichia coli, comprising the following 
steps: 
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- adding to assay solutions comprising a labelled nucleotidic primer, a template 
DNA, and DNA polymerase, in particular Pol IV DNA polymerase of Escherichia coli, 
or the a subunit of Pol III DNA polymerase of Escherichia colU a compound to test at a 
given concentration for each assay solution, in the presence or the absence of the 
processivity clamp factor of DNA polymerase, in particular the p subunit of DNA 
polymerase in particular the (3 subunit of DNA polymerase m of Escherichia coli, 

- electrophoretically migrating the abovementioned assay solutions, 

- comparing the migration pattern of each assay solutions in the presence or the 
absence of the processivity clamp factor of DNA polymerase, in particular the (3 subunit 
of DNA polymerase, in particular the p subunit of DNA polymerase IE of Escherichia 
coli. 

According to a preferred embodiment of the above defined in vitro test method, 
the assay solutions also comprise a clamp loader, in particular the y complex of IT. coli, 
adenosine triphosphate (ATP), the divalent cation Mg 2 * and single strand binding 
protein (SSB) of E. coli. 

According to another preferred embodiment of the above mentioned in vitro test 
method, the compounds to be tested are such that their tridimensional models have been 
screened, modified or designed with respect to. the structure of the (3 subunit of DNA 
polymerase, according to the corresponding above defined screening, modifying or 
designing methods. 

The invention also relates to the use of the in vitro test method defined above, for 
the screening of compounds liable to be used for the preparation of pharmaceutical 
compositions useftd for the treatment of bacterial diseases or diseases originating from 
DNA synthesis processes, such as fragile X syndrome, or proliferative disorders, such 
as cancers. 
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BRIEF DESCRIPTIO N OF TTTF, PTOTrnyR 
Figure 1 

Figure 1 represents the atomic coordinates in protein databank (pdb) format of the 
crystallographic structure of the complex between Escherichia coli p subunit of DNA 
polymerase III and the 1 6 C-terminal residues of the P binding peptide of E. coli Pol IV 
DNA polymerase (PI 6) 

Figure 2 

Figure 2 represents a ribbon representation of the (3 subunit of DNA polymerase m of. 
E. coli complexed with the P16 peptide (boxed) as obtained from the crystallographic 
structure of the complex. 

Figure 3 A. Figure 3 R. Figure 3C. and Figure 3T» 

Figure 3A and Figure 3B represent the inhibition of p" dependant activity of Pol IV by 
the Pol IV p binding peptide, P16 

Figure 3C and Figure 3D represent the inhibition of p dependant activity of Pol m a 
subunit by the Pol IV p binding peptide, P16. 

Figure 3A represents the migration pattern of an electrophoresis gel. p free (lanes i_ 4 
and 9-12) or p loaded (lanes 5-8 and 13-16) labelled primer/template hybrids are 
incubated with increasing amounts of control peptide (CLIP) (lanes 1-8) or P16 peptide 
(lanes 9-16). Concentrations of peptides are as follows: 0 uM, lanes 1, 5, 9 and 13; 1 
uM, lanes 2, 6, 10 and 14; 10 uM, lanes 3, 7, 11 and 15; 25 uM, lanes 4, 8, 12 and 16. 
This mixture is then submitted to the enzymatic activity of W IV (1.5 nM) in the 
presence of each four dNTPs for 1 minute at room temperature. Beside the overall 
increase in DNA synthesis activity, the P-dependent activity of the polymerase is 
characterised by the apparition of synthesis products longer than 12 nucleotides (0 
dependent synthesis), 0 independent synthesis is characterised by products shorter than 
12 nucleotides. The broader band at the bottom of the gel corresponds to the primer. 
Figure 3B represents the quantitative analysis of the relative amounts of each p- 
independent (incorporation of 1 up to 12 nucleotides) and p-dependent (12 and more 
nucleotides incorporation) activities observed in lanes 5-8 and 13-16. Black and white 
rectangles represent the ratio of p-dependent to P-independent polymerase activities 
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(vertical axis) fa fa e preseace „ rf ^ ^ ^ 

(honzontal axis), respectively. Decrease fa this ratio value actually fadica.es a specific 
mhibitionofthep-dependentpolymeiaseacfivity. 

Figure 3C and 3D respectively correspond «o the same experiments .fam tose 
represented fa Figure 3A and 3B, except tha, the polymerase used fa the purified a 
subunit of Pot in (6 nM). 

Figure 4 

Figure 4 represents the growth rate of £ coli Wormed by IPTG inducible pfaamids 
expressing either the wild type Pol IV (pW P 4) (triangles) or the Pol FVD5 mutant of Pol 
IV lacking the 5 C-termtoal amtao-acids (pD5p4) (squares, dotted hue) fa me presence 
or IPTG. The vertical axis represents the OD at 600 am and the horizontal axis the time 
in minutes. 



Figure 5 A and Figure 

Figure 5A represents the growd. rate of mdepmSmt K cM ^ ^ ^ 

P403FL vector fa me absence (diamonds, hiangles, crosses) or me presence (squares 
dashes, circles) of 0.1 mM IPTG. 

Figure 5B represents the grow* rate of independent B. col, clones harbouring fa. 
P403D5 vecfar in the absence (diamonds, triangles, crosses) or the presence (squares 
dashes, circles) of 0. 1 mM IPTG. 

The vertical axis represents the O D at 600 tun m A u ■ . , . 

' at ouu ^ 3X1(1 ^ honzontal axis represents the 

time (in minutes). 
Figure 6 

Figure 6 represents Petti dishes containing „ agarose-bascd nutritive medium 
supplemented with 0.05 mM IPTG and plated with B. col, cells harbouring P403FL 
(top) or with S. colt cells harbouring P403D5 (bottom). 
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EXAMPLE 1 

Olographic s*d y of the EsCericUa coU p sliding clamp completed wltt m« 6 
blading peptide of Pol IV DNA Polymerase of E. coll. 

L B binding nenHrt. ^yn tH gis and nnrifi^ tj^ 

The 16-mer peptide sequence VTLLDPQMERQLVLGL (P16) (SEQ ID NO- 1) 
representing the 16 last residues of Pol tV DNA p„,ym«rase of £ coU, was obtained purineo 
from Neusystem (nildrch, France) and the 22-mer control 
RPVKVTPNGAEDESAEAFPLEF (CUP) (SEQ ID NO: 2) was a gift from Dr ». bL' 
(Strasbourg, France). P16 was resuspended a, 1.1 mgtal in a buffer mntakling Trjs Hc , 
mM, pH 7.5, 5 mM EDTA, 20% glycerol, and Icep, a, -80°C. CLIP was resuspeuded in 20 
mM NaHC03 buffer, pH 0, a t concentrations of 250, 100 and 10 pmoWpl 
2a 8 protei n purification 

The dnaN gene encoding E. coli P sliding claxnp (hereafter referred to as 
P protein) was cloned into the pET15b plasmid (Invitrogen). The p protein was expressed in a 
Wormed E. coli BL21(DE3)pLy S S/(pET15b-^A0 and was purified as described 

chanson et «/., 1 986) with the following modifications. A SP Sepharose coluxnn (Pharmacia, 
Upsalla, Sweden) was used instead of the SP Sephadex column. A Mono Q column 
(Pharmacia, Upsalla, Sweden) followed by a Mono S column (Pharmacia, Upsalla, Sweden) 
were performed after the SP Sepharose column step. The P protein was purified to >99% 
punty, as judged by Coomassie gel analysis, and concentrated using Centriplus YM-30 
concentrators (Amicon) to 34.2 mg/ml in a buffer containing 20 mM Tris-HCl pH 7 5 0 5 
mM EDTA and 2 0 o/ 0 ( v /v) glycerol, as determined by Bradford assay, using BSA '„ a 
standard. 



3. Crvstalization conHitinng 

Drops were obtained by mixing 0.92 pL of 0 protein at 34.2 mg/ml (775 pmoles) wllh 
1.89 pi of P16 at 1.1 mgfal (1136 pmo les) and 1 pi of 2X reservoir solution. Reservoir 
solution contains 0.1 M MES pH 6.0, 0.1M CaCl, and 30% PEG 400 (Hampton Research 
Laguna Niguel, CA, USA). The pepode/0 monomer molar rano was 1.46. Co-crysfcls were 
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grown by vapcux difluston in hanging drop* at 20«C. Tney typically grew within toco days 
and reach* 200 x .00 , 40 m >. Cri stsls were mounted in ,oops (Hatnpton Reaeareh, Lagnna 

crystallographic data. 



4. Data collection anrl structure determinate 

Kffiaction data were coEected a. beam line ID 14-EH4 (ESRF, Ofenoble, France) 

2 7t m :r ,ed denzo 3,14 ~ ea with scalepack 

m! d 8 ° f ^ DiffiaC ' l0n ^ C< " I<!Cted " Mode", 

^Tc W cT t OSy ' ^ ^ Ma ° rom0lTCUlar par, A, p. 307-326, 

1997, C.W. carter, Jr. andRM. Swee, Ed,, Acadentio Press (New York)). The struck 

solved by molecular replacement with MOLRBP (CCP4 COLLABORATWtt 
COMPUTATJONA. PROJECT, NUMBER 4. fl 994, -J. CCP4 Su^™ 
Protem Cystography. Acta Cryst. D50, 760-763.), nsing me Imown p protein structure a, 
a search model (Kong « 1992)> ^ peptide WM M , ^ fe 

(Copyngbt .990 by Alwyn Jones, Da^no AB, Blaeberry HiE, S-7559! „ Cst) 

and the model was refined with O and CNS (Bruneer */ 1 QQ*n • , 

Yale Univ^ity). * ' 1998) (C<>Pyright ° 1997 - 2001 

The results are summarized in following Table 1: 



Data collection 
Space group 
Cell parameters 
X-ray source 
Wavelenght (A) 
Asymebic unit 
Resolution (A) 
Number of observations 

Unique 

Total 

Completeness (%) 

Rsym 

Mean l/a 




85999 
231008 
96.7 (95.4) a 
0.051 (0.254) 8 
15.5(4.3) a 
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Refinement 

Resolution range (A) 
R-factor, reflections 
Rfree, reflexions 
Number of atoms 

Protein 

Water 
R.m.s deviation 
Bond angles (°) 
Bond lenghts (A) 
Average atomic B-value (A 2 ) 

Protein 
P 

Peptide 
Water 

Ramachandran plot b (%) 
residues in core, 
allowed, 



500-1 .65 
20.87, 80566 
23.71,4226 

5744 
443 

1.59 
0.013 



22.8 
29.7 
29.1 

92.4 
6.9 



generously allowed regions 0.8 
a Number in parentheses is for the last shell (1.71-1.65) 
b Statistics from PROCHECK (Laskowski et »l i qqs) 



Table 1: Crystal structure data and refinement statistics 

The results obtained indicate that the crystal is triclinic, with cell dimensions a= 41 23 
b= 65 - 22A ' C= 73 38 A ' a= 7311 °> P" ^.58°, Y= 85.79*. These cell parameters lead to a 
quite usual value of 2.36 A^alton for two molecules (i.e. one ring) per asymmetric unit. The 
present structure was solved by molecular replacement with the program MOLREP and was 
refined up to 1.65 A resolution, which represents an important improvement in comparison to 
the 2.5 A resolution obtained for the structure published previously (Kong et al 1992) ^ 
atormc coordinates of the structure solved by the Inventors are given in Figure 1 in pdb 
format. The superposition of the present structure onto the previous one yields an overall 
rmsd of 1.22 A for the Ca chain, which indicates that both structures are very similar 
although numerous side chains and several mobile loops were rebuilt and a better description 
of the solvent was achieved A more sensible superposition, systematically downweighting 
too dtstant residues (as those in the rebuilt loops), yields a weighted rmsd of 0.78 A, which is 
more significant than the former value. 

A density related to the presence of the peptide could be located after several rounds 
of refinement in a "simulated annealing composite omit map" (Brunger et al, 1998) The 
seven C-terminal residues of the P16 peptide, R 10 Q„L 12 V 13 L I4 G 15 L 16 , encompassing the 
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P binding sequence were built into the density map (Figure 2) . This map extended slightly 
toward the N-tenninus of the peptide but rapidly faded, so that the Q„ residue was still easily 
seen while the R 10 was built in a poor density region. The rest of the peptide, probably 
disordered, was not visible. The seven C-terminal amino acids of the P16 peptide bind onto 
the P surface within two distinct but adjacent domains: one deep crevice, located between 
sub-domains 2 and 3 (area 1), and a second area which extends over the third p subdomain, 
close to the C-terminal extremity of the p chain (area 2) (Figure 2) . 

In the first area (area 1) of the peptide P16 binding site, two p strands of the clamp 
(P 4, of domain 2 and |3 8 " of domain 3) align. Some of their residues (L177 and V360, 
respectively), along with residues of the subdomain connecting loop (P242 and V247), form a 
hydrophobic pocket at the surface of the p monomer. The P16 residues L16 and L14 bind in 
this crevice. The hydrophobic nature of the interactions is revealed by the removal, upon 
peptide binding, of water molecules nested inside the free pocket. However, L14 and L16 are 
also involved in interactions with other adjacent residues like L155, T172, H175, R176 S346 
and M362 (Table2). The residue G15 has no interaction with any residues of the pocket and 
serves as a connector between L14 and L16. Consequently, the L16 residue which, according 
to the pentapeptidic consensus motif (Q 1 U(SD) 3 L 4 F 5 ) (Dalrymple et a/., 2001), was not 
considered to belong to the p-binding sequence, actually fully participates to the interaction. 

In the second binding area (area 2), the four other P16 residues, V13, L12, Qll and 
R10 establish mostly hydrophobic interactions with residues H175, N320, Y323, V344, 
M362, P363 and M364 of the p monomer (Table 2). Among the four P16 residues' located 
within this region, the Q residue is highly conserved within the binding motifs of the various 
P ligands, to the same extent as residues that bind into the hydrophobic crevice (L14 and L16) 
(Dalrymple et al., 2001). Particularly, it forms interactions, directly or mediated by two water 
molecules with p residues M362 and E320. These contacts might prime the binding of the 
peptide with the p surface and facilitate the formation of interactions of the C-terminal 
residues within the hydrophobic pocket of area 1. Thus the peptide would be anchored on the 
P surface by two points located on each extremity of the binding sequence. 
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P residues 

M364 
P363 


Interacting P16 residues 

R10.Q11.L12 


M362 


Q11, L12 


V361 


Q11.L12.V13.L14 


V344 


L14 


Y323 


L12 


N320 


Q11 


V360 


Q11 


S346 


L14 


V247 


L14 


P242 


L14.L16 


L177 


L16 


R176 


L14.L16 


H175 


L14 


T172 


Q11,L12,V13,L14 


L155 


L14.L16 




L16 



L15&U6. T,72:L14. L,77 : L,6 J 18 * bold, better, 



Table 2 



.5. N-terminal sequenHn g Q f the prntein 

Tie criau, was recovered after data couecuon, washed several times in ttte weU 
solution, and dissolved in 10 id water Th. „». • 

derive a P ^ oontamed within the crystal were 

denvahzed and seouenced by antotnated Edman-a degradation using a PE AppUed 
Btosystenra 40 2 cLC Protein Sequencer allowing the identification and pLia. 
analysts of the amino acids released at each step of degradation. I^Mahve 

p. friprovement of the PlK.fi -i^,, i ntera ^„„ 

L«t 1 and Uu ,4 by aromatic amino acids, or by extending fire lateral chain of <L „ 
modifications show me way to designing new high affinity , Camp interachon 
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EXAMPLE 2 

In ,Uro study o, to p clamp-p binding pepade of PoI w by 
sss siy s 

In order «o ascertain to biological relevance of to Pi 6 „e P tide-p clamp interaction 
observed in to olographic stiuctiue, „ „ vitr0 ^ based Qn ^ rf 

TOS ™ s - V— - <•» "Nation that to * ^ aotM ,y 

of Po, W ra greatly enhanced by to presence of to 0 aubuni, loaded onto a primer/template 
DNA substtate (Wagner et a,., 2000) (Sfflr^ compare lanes , ^ , „ f ^ 

to enzyme alone ineorporatea nucleotide, in a diatributive mode (Wagner « trf ,999) ' 
Briefly, P16 pept j de ^ , (cup) ^ ^ 

concentrations of 250, .00 and ,0 pmol/p,. , end radiolabelung, notification and annealmg 
of synthetic pnmet, were performed aa previously described (Wagner « a,., 1999). lie 30/90 
uuo eotide synthetic conatrnc, (Wagner et a,., 2000) was obtained by annealing to 30 
nucleotrde primer (5'QTAAAACGACGGCCAGTGCCAAGCTTAGTC) (SEQ ID NO • 3) 
w* to 90 nucleotide template (5'CCATGATTACGAATTCAGTCATCACCGGCGC 

CACAGACTAAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACC 
CTGG) (SEQ ID NO : 4) to form a double atianded strucmm with and 3- single stranded 
DNA overhangs of 25 and 35 nucleottdea, respectively. 

m 3 pn< ! AI i rePUCati0,, eXPerimen ' S (1 ° VOlmae) WaX "*« °« «» tafc » (40 tnM 

HEPES pH 7.5, 80 mM podium glutamate, 160 pg/ml BSA, 16 % glycerol, 0.016 % NP40 

8 - DTT). Ita 30/90 nuoleofide hybrid was fira. incubated wim single stiand binding 

prote.ua (SSB, Sigma; 90 uM final concentration) in to preaence of ATP (200 pM) and 

MgCl 2 (7.5 mM) a, 37«C for 10 mim When specified, to v ioomplex (1 nM final 

concentration) (gift ftom Dr. C. S. McHenry, Denver, USA), and to p clamp (5 nM aa dimer 

final concentration) were added at tot stage, and incubation waa carried on, at 37°C for 10 

mru. Then, 7 pi of to mixture waa added to 1 pi of either 20 mM NaHCOj or 1 pi of peptide 

solution (1, 10 or 25 pM final concentration), incubated 20 mm. a, room tomperamre and 

further 2 bourn « 4 «C. 1 pi of polymerase waa ton added (1.5 nM of Pol IV or 6 nM of a 

subuni, (gift from Dr. H. MaB, Mara, Japan) final concentrations), incubated 5 mm. a. room 

tempemmre and finally, to whole reaction waa mixed wim I pi of a dNTPs solution (200 pM 

each dNTP final concentration) and let to mac, for 1 min. a, room temperature. Reactions 

were quenched by to addition of 20 p. of 95 % formamide/dyea solution containing 7 5 mM 
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ge,s RM.oUb.lW products were visuahaed and quantified using . PhosphorImager w „ 
(Molecular Dynamics) and the ImageQuanl software. 

dependent achvtty of Po, rv (Une 13 to 16). At the highes, Plo concenfrauon tested (25 ^ 
graph,. On the other hand, the con*,, peptide (CUP) ha, no effect on this activity even „ 

XT r centoaon tested mssa ^ tae 8) - ^ - ^ p£Z* 

-te *. tn«nna,c aohvity of Po, IV characterised hy .he distributive incorporarion „f one to 

I p — <M - 1-4, HausJa). ^s PI6 speciflcally inhibits . 

.denhfied actually correaponda to the Pol IV DNA polymerase binding site on p 

The polymerase activity of toe a snbnni, ofthe rephcative DNA Polymerase m of E 

coli is greatly enhanced by its interaction with the R H*™ a • 

im me P clai »P (Marians et ah, 1998) fFisure 3C 

LCT * biob, " s malysis <p - wh -«<• 2oo, > - * • — «. 

pentapeph.de conaensns motif. fc order to determine if the replicanve DNA polymerase 
-Ot the p monomer widnn me s«ne site man Po, W> ^ abiHtv „, M6 ~ 
mhtbt, the p-dependent activity of me <r suhuni. waa teated. The dose depends mhibihonof 

fa, 7 is me case. To achieve a high .eve, of inhibition, the concentranon of Z p^hde 
^on,d exceed .h. po.ymeraae common by a fcctor of 4 to 16.10 3 . The need for 1 a 
htgh excess of peptide may reflect a higher affinity of the who,e protein for ^ 
anhsnate, mediated hy other po,ymeraae- P and/or po,ym=raae-DNA interactiona, bn, a,ao a 
htgh entropto factor of me free peptide aa opposed to the same fragment fo,ded in the whe,e 
pr tern Therefore, the tower peptide affinity would ream, from a tower kinetic cons J t 
and no. from an increased W. OveraU, mis hiochemica, anaiyaia indicates that (i) the M « 
~ we ao,ved is of hiotogica, significance aa indicatod by the competitive inhibition of 
*e p dependent achvty of Po, IV DNA po,ynteraae hy peptide P,„ and (h) tha, peptide P,6 
*. competes with and inhibits the p dependent activity of the a subnni, of the DNA 
Ptae m of £ eo« which snggeata ma, W if no. idenUcsd, dre Po, fV and a snbnni, 
interaction sites on 3 subunit overlap. 
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EXAMPLE 3 

In vivo study of the inhibition of bacterial growth by the p binding peptide of Pol IV 

Plasmids bearing either the wild type Pol IV (pWp4) or the Pol IV mutant deleted for 
5 the 5 last C-terminal residues (pD5p4) coding sequences under the IPTG inducible lac 
promoter were transformed into recipient E. coli cells CBL21(DE3, pLys)). These transformed 
cells were then allowed to grow in LB medium at 37°C with aeration and without or with 
(Fjgare4) addition of the protein expression inducer IPTG (0.1 mM). Growth rates were 
monitored by measuring the optical density of the cultures (OD 600 nm) at different time 
10 points. 

The growth rates of both cultures without artificial protein expression were identical 
whether the cells contain the wild type Pol IV expression plasmid (pWp4) or the Pol IVD5 
mutant (pD5p4). On the other hand, when protein expression was induced by the adjunction 
of low IPTG concentration in the culture medium (Figure 4) . a clear growth inhibition was 

15 observed for the culture expressing the wild type Pol IV protein compared to the one 
expressing the mutant protein. As the mutant protein (expressed from pD5p4) lacks essential 
amino acids for the interaction with the 0-clamp, the observed cytotoxicity may be 
rationalised by the fact that the wild type Pol IV protein interacts with the (5 clamp and, 
because of its relative high concentration, interfere and/or compete with the binding of the 

20 replicative DNA polymerase, thereby inhibiting chromosome replication and culture growth. 

In other words, these preliminary results indicate that site-specific p binding molecules 
(such as the Pol IV p binding motif) may serve as antimicrobial agents. 

EXAMPLE 4 

25 In vivo study of the inhibition of bacterial growth by the p binding peptide of Pol IV 

A DNA sequence encoding a catalytically inactive version of DNA polymerase IV of 
E. coli has been cloned into a vector to form P403FL which enable the IPTG inducible 
expression of the corresponding inactive enzyme. Similarly, a DNA sequence encoding the 
30 catalytically inactive version of DNA polymerase IV of E. coli depleted of the 5 last C- 
terminal residues (which are essential residues for the interaction with the p clamp) has been 
cloned into the same IPTG inducible vector to form P403D5. 
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Three independently isolated clones of E. coli containing either P403FL or P403D5 
were cultured in a selective medium until an optical density (O.D.) of 0.2 at 600 nm was 
reached, 15 ml of a selective medium containing 0 or 0. 1 mM IPTG were then inoculated with 
a quantity corresponding to 0.02 O.D. unit of the culture and bacterial growth was followed 
by the measure of the optical density at 600 nm during 5 hours. 

The results indicate that in the absence of IPTG the three cultures of the independent 
clones carrying P403FL grow normally, however, in the presence of 0.1 mM IPTG the growth 
of these clones is completely halted (Figure 5A). Conversely, the three independent clones 
carrying P403D5 grow normally, irrespective of the presence or not of IPTG (Figure 5B1 . 

Furthermore, about 1000 E. coli cells harbouring either P403FL or P403D5 were 
plated on nutritive agarose dishes containing 0.05 mM IPTG. The results shown in Figure 6 
indicate that, whereas essentially no P403FL carrying cells are growing, essentially all 
P403D5 carrying cells are growing. 

As in Example 3, those results confirm that site-specific 0 binding molecules (such as 
the Pol rv p binding motif) may serve as antimicrobial agents. 
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